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“MEANINGFUL PHYSICS”
OR FINDING A SYSTEM DESCRIPTION SUITABLE FOR ECOLOGICAL INTERFACE DESIGN
M. M. (René) van Paassen
Max Mulder
Stijn B. J. van Dam
Aerospace Engineering, Delft University of Technology Delft, The Netherlands
Matthijs Amelink
DECIS Lab
Delft, The Netherlands
Ecological Interface Design (EID) is a design paradigm that addresses the cognitive interaction between users and systems. EID’s original application domain is the field of process technology. However, in several studies the techniques
outlined for EID are applied to other domains. In the development of EID interfaces for two different tasks involving
control of the locomotion of an aircraft, the authors experienced a gap between the stages of cognitive work analysis
(CWA) and the actual design of the interfaces. This paper analyses the approach in the two projects, generalizing the
findings in creation of a proper representation with the Abstraction Hierarchy (AH) identified in the CWA stage. For
these, and probably other projects, it appears advantageous to consider alternative and possibly parallel expressions
for the constraints identified at the Abstract Function level of the AH, to create a match between either user controls
and the representation, and between system purpose and the representation.
Introduction
Ecological Interface Design (EID) is a design
paradigm that addresses the cognitive interaction between users and systems. EID’s original application
domain is the field of process technology. However,
in several studies the techniques outlined for EID are
applied to other domains.We have recently developed
EID interfaces for two different tasks involving control of the locomotion of an aircraft (Van Dam, Abeloos, Mulder and van Paassen, 2004; Amelink, Mulder,
van Paassen and Flach, 2005). In these projects, we experienced a gap between the stages of cognitive work
analysis (CWA) and the actual design of the interfaces,
which in both projects was bridged in a serendipitous
manner. In both cases, the results from the CWA alone
were not a sufficient starting point for the development
of the EID interfaces, an additional system description
was needed.
In the first project, (Van Dam et al., 2004), the task of
self-separation in a free-flight environment was considered. At an abstract function level, maintaining
a sufficient distance from surrounding vehicles was
identified as the basic principle by which safety was
achieved. Computer algorithms exist, and are being
used, to determine whether for the current flight trajectory sufficient distance from other vehicles is maintained. Such computer-based methods serve to identify
future separation problems, and can be used to explore
the solution space available. However, to the user, interfaces based on such algorithms appear to present

“black box” solutions, and it is not immediately clear
how a certain control action leads to achievement of
sufficient separation. A meaningful representation of
the problem, and thereby the EID design, was only
possible after realizing that separation between two
moving vehicles is achieved or destroyed by relative
movement. This led us to explore the aircraft motions
in the relative space, rather than in geodetic coordinates. The exploration proved to be the key that led to
the interface design.
The second project, considered the task of following
an altitude profile with an aircraft (Amelink et al.,
2005). In contrast to the other problem, here the evaluation of the aircraft’s dynamics against the set criteria
is clear, but the relation between the control actions
and the aircraft’s response is less obvious. Again the
solution was exploration of the aircraft motions in a
different representation space, in this case in terms of
kinetic and potential energy. The motivation was different, here the simpler relationships between control
inputs of the system and the outputs in terms of energy
motivated the choice of a different system representation. The criteria, the height and velocity profile, could
be re-formulated in terms of energy and presented in
the display.
The essential step is finding alternative system descriptions that match either the criteria and solution space,
or more closely match the available controls (affordances). We termed this representation “meaningful
physics”, since the representation must not only be
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physically correct, but also compatible with the human’s goal oriented behavior. This paper shortly discusses both projects, and elaborates on the common
elements in the approaches.

functional
purpose

abstract
function

production economy
safety
approximation
(to destination)

spatial
separation

Avoiding traffic
The growing intensity of air traffic leads to high workloads and congestion, not only at airports where aircraft need to land and take off again, but also in the
air traffic system. The main task of an air traffic controller in en-route airspace is the separation of aircraft,
and, depending on the structure of the airspace, there
is a limit on the number of aircraft that a controller
can handle. Reducing the size of sectors is not a valid
solution, since this increases the coordination required
for passing aircraft from one sector to another. Various
studies indicate that, with the proper support, the separation task in en-route airspace can be delegated to the
flight deck. This would allow direct routing, in which
aircraft fly a trajectory straight to their destination instead of via designated airways, and cruise climb, in
which the aircraft flies at the most economical altitude
at all times.
Present systems, such as the ASAS (Airborne Separation Assurance System) and pASAS (predictive ASAS) systems developed by the Netherlands
Aerospace Laboratory NLR (Hoekstra, 2000), have
proved to offer the pilot a safe and effective conflict
detection and resolution. However, these systems have
an advisory nature; a computer algorithm determines
the possible solutions, and presents these to the pilot,
whereupon the pilot can choose to implement one of
the solutions. In our design, we intended to make an
interface based on EID principles, which would show
the situation to the pilot in such a manner that the solutions to a conflict would appear obvious and logical.
Workspace analysis As for most systems, three goals
for a traveling vehicle can be identified at the functional purpose level, production, economy and safety
(Figure1). When considering the locomotive aspects
of the problem alone, i.e. ignoring issues such as staying within the flight envelope, assuring propulsion, lift,
atmospheric protection etc., the primary principle for
achieving safety is maintaining separation from potentially hazardous objects, such as other vehicles and stationary objects. For an aircraft this means that other
aircraft and terrain must be avoided during flight, or, in
other words, it needs to maintain separation. Separation can be predicted when an estimate of the trajectory
of the own aircraft and of other aircraft in the vicinity
is known, but this prediction is not equal to a mapping
of the affordance, as experiments with early systems
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Figure 1: Abstraction hierarchy for flight, only for the
aspects of traveling toward the destination and conflict
avoidance.
such as ASAS (Hoekstra, 2000) have shown. These
systems show the conflict, focusing on the location in
the surrounding space where the conflict will be, however, they do not show how to avoid the conflict, since,
as one tries to maneuver away from the predicted conflict location, the conflict location will changes, and
also new conflicts may be created. The main challenge
is expressing the (expected) motion of the own craft
and other aircraft in the vicinity in such a manner that
the affordances (of crashing or avoiding) are clearly
visible.
At the abstract function level, the system was described in terms of the kinematics of travel. As in
the well-known prototype system DURESS(Vicente
and Rasmussen, 1990), this level reflects the laws of
physics acting on the system; thermodynamics and
mass balances in the case of DURESS, versus kinematics and locomotion in the present case. The dynamics and limitations of the turn needed to avoid
other traffic was neglected in this analysis, and thus the
kinematic equations for travel over the earth’s surface
can be given as:

Vnorth
RM + h
Veast
l˙ cos FT =
RP + h
ḞT =

(1)
(2)

With FT and lt as latitude and longitude, RM and RP
as the radii of curvature fitting the earth ellipsoid to a
meridian section and east-west section respectively, h
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Figure 2: Visualization of the field of safe travel, from
(Gibson and Crooks, 1938)
relative plane

as the altitude. This is a perfectly adequate description enabling travel in a certain direction. It can be
visualized in a moving map display, as for example is
done for most electronic navigation displays in current
aircraft. One can say that the representation is correct and complete within the requirements of accuracy.
However, it does not show the path to avoid obstacles
(aircraft) moving in that same environment.
An example of such possible paths is given in the illustrations in Gibson’s 1938 paper(Gibson and Crooks,
1938). The intuitive looks of the solution are deceiving, since at each instant there is an infinity of directions and speeds to choose from, and paths much more
bizarre than sketched in the picture are certainly possible. The same is possible for the aircraft avoidance
problem. Presenting all possible control actions and
future paths is thus not feasible. In order to keep the
solution space acceptable to human pilots, only maneuvers that consist of a single turn to a new heading, possibly combined with an increase or decrease in
speed, are considered.
A simple and enlightening presentation can however
not be created from the navigation equations (2).
A different way of expressing aircraft motion was
needed, in this case by using the “intruder” aircraft
as an origin, and expressing all motion relative to that
(moving) reference frame. Kinematic constraints, such
as the turn dynamics, need to be translated to this reference frame (De Neef and van Paassen, 2001). Here
first the case is considered where these dynamics can
be neglected, ongoing research focuses on the inclusion of some of these dynamics. In a reference frame
with the intruder at the origin, the speed of the own aircraft is the relative speed with respect to the intruder,

relative speed
wrt intruder

Figure 3: Overlay of the relative and absolute movement spaces.
and avoidance or intrusion is simple to check (Figure 3). Moreover, by overlaying the relative reference
frame onto the absolute reference frame, the relation
between the aircraft’s absolute velocity and the relative
velocity with respect to the intruder is shown. A picture of the display as tested in a simulation (Van Dam
et al., 2004) is shown in Figure 4.
Keeping path and speed
The second project discussed here grew out of a curiosity about the strategies pilots would use for correction of deviations in speed and altitude in an approach
to the runway. Initially, two perceived strategies were
considered:
• “Throttle to speed, stick to altitude”. In this strategy, which is also implemented in most current
autopilots, elevator control inputs are used to correct altitude deviations, and the throttle is used to
correct speed deviations.
• “Stick to speed, throttle to altitude”. The reverse
of the above strategy. Control theoretic analysis
shows that this strategy would also work for an
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Figure 4: Display for avoiding aircraft traffic.
A speed
and heading space is added to an electronic navigation
display. The two white half-circles show minimum
and maximum speed, the orange shape shows speed
and heading combinations that lead to conflicts.

autopilot, albeit with less performance and stability.
Also in this project an approach with cognitive work
analysis was followed. The work domain in this case
had a limited scope, with an altitude reference path and
a speed reference at the functional purpose level.
Workspace analysis In the development of the abstraction hierarchy and in an engineering analysis of the
problem, the energy balance of the aircraft proved to
be a crucial element (Figure 5). The principle of an
energy balance is also used in “new” designs for autopilots that function on the principle of energy controls (Lambregts, 1983a; Lambregts, 1983b). However, practice has shown that conventional autopilots,
using controllers based on feedback of altitude to the
elevator and feedback of speed via the throttle, also
function in a satisfactory manner. This kind of feedback would be based on a Newtonian view of the measured kinematics, where the airplane is considered to
have inertia that can be accelerated along its path to
achieve speed control or perpendicularly to its path to
achieve altitude control.
An alternative formulation of the aicraft kinematics, in
terms of kinetic and potential energy, is also an option.
The advantage of the energy formulation is that it more
closely corresponds to the effect of the control inputs,
with the throttle influencing the total energy sum, and

Figure 5: Aircraft altitude and speed control can be visualized as an energy balance, where throttle and drag
determine the change in total energy level and the elevator determines the distribution between kinetic and
potential energy.

Figure 6: Instead of a target speed and altitude, the
functional in the altitude and speed control task are expressed as a total energy reference plane (TERP), and
a potential energy reference plane
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the elevator, via control of the flight path angle, balancing the rates of potential and kinetic energy.
The automatic control system that is based on the energy balances; the “total energy controller”, is claimed
to have a better performance and to need less tuning
than the conventional controllers. However, the signals
that are presented to the pilot in current flight deck designs correspond to the feedback signals used by conventional autopilots. In a design for the energy display, the target values that were compatible with the
energy formulation were added to a perspective flight
path display(Amelink et al., 2005), allowing human pilots to also (or more easily) adopt the control strategy
of the total energy controller. An illustration of the
total energy plane in relation to the altitude (kinetic
energy) plane is given in Figure 6.
Reflection and Conclusion
Reflecting on both projects, and on the approaches
taken in other projects, a number of common elements
in both approaches are found. The first element is that
a certain fast part of the dynamics of the controlled
system does not need to be represented in an ecological interface.
A certain portion of the system dynamics can be too
fast, or too trivial, for presentation on a display. In the
case of aircraft altitude and speed control, the attitude
dynamics of the aircraft are not presented in the display. They need not be, since a pilot’s basic training
enables her/him to handle these dynamics. So, instead
of using the true control input (yoke position) to the
aircraft, the aircraft attitude and flight path are the control input in the portion of aircraft dynamics and kinematics considered, relying on the pilot to implement
these.
A second element is that, in order to make the task acceptable to the operator, it may be necessary to reduce
the potentially high dimensionality of the solution or
input space. For the aircraft avoidance problem, this
resulted in choosing a single maneuver to a new heading. Again, the capacity to turn the aircraft to a selected heading was trusted to the pilot in this case.

References
Amelink, M. H. J., Mulder, M., van Paassen, M. M.
and Flach, J. M. (2005). Theoretical foundations for a total-energy based perspective flightpath display, The International Journal of Aviation Psychology . Accepted for publication.
De Neef, R. and van Paassen, M. M. (2001). Functional modelling of airspace, in M. Lind (ed.),
XX European Annual Conference on Human Decision Making and Manual Control, Technical
University of Denmark, Kgs. Lyngby, Denmark,
pp. 71–80.
Gibson, J. J. and Crooks, L. E. (1938). A theoretical field analysis of automobile driving, American Journal of Psychology 51(4): 453–471.
Hoekstra, J. e. a. (2000). Overview of nlr free flight
project 1997-1999, Contract Report NLR-TP2000-227, National Aerospace Laboratory NLR.
Lambregts, A. A. (1983a). Functional integration of
vertical flight path and speed control using energy principles, 1st Annual NASA Aircraft Control Workshop NASA LRC.
Lambregts, A. A. (1983b). Operational aspects of the
integrated vertical flight path and speed control
system, SAE Technical Paper Series 831420.
Van Dam, S. B. J., Abeloos, A. L. M., Mulder, M.
and van Paassen, M. M. (2004). Functional presentation of travel ipportunities in flexible use
airspace: An EID of an airborne conflict support
tool, IEEE International Conference on Systems,
Man and Cybernetics, The Hague, pp. 802–808.
Vicente, K. J. and Rasmussen, J. (1990). The ecology
of human-machine systems ii: Mediating “direct
perception” in complex work domains, Ecological Psychology 2(10): 207–249.

And finally, it is often necessary to consider different
formulations for the “physics” at the abstract function
level. Either because the additional formulation provides a better match with the controls, as in the second
example, or because it provides a better way for expressing the achievement of the functional purpose, as
in the first example.
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